This paper presents considerations for the application of the natural water isotope method on catchment areas. For the estimation of the amount of infiltration and inflow in sewer systems the paper shows two applications in the Netherlands: one successful application on a relatively small catchment area with a simple geo-hydrological groundwater system and one unsuccessful application in an area that shows a large heterogeneity of δ 18 O values in groundwater. Also, the paper focuses on the validity of the assumption that the isotopic ratios of drinking water are equal to those of strict domestic wastewater. In the transition from drinking water to strict wastewater it is shown that changes in isotopic composition of the water due to evaporation in common household appliances and effects inside the human body are insignificant. However, the presence of high-efficiency condensing boilers in an area can significantly influence the δ 18 O value of strict wastewater, especially in winter months. This effect should be taken into account when applying the isotope method in such areas.
INTRODUCTION
Infiltration and inflow (I/I) in an urban sewer system is any water that does not belong in that system. Examples are groundwater that leaks through defective pipes or drainage water from construction sites that is discharged into a sewer system. Several surveys in the Netherlands and Germany show average shares of 30 to 40% of I/I in the total annual discharge at wastewater treatment plants (Weiß et al., 2002; STOWA, 1996) . This extraneous water causes an increase in the amount of water in a sewer system and a change in the pollutant concentrations of wastewater. Hydraulic overloading and dilution of pollutants are detrimental to treatment plant efficiencies. Also, pumping costs increase and combined sewer overflows spill more water more frequently.
Quantification of infiltration and inflow can be done with several conventional but simplistic models that are built around concepts to decompose dry weather flow into a fraction of strict wastewater flow and a fraction of I/I. For instance the triangle method and the moving minimum method (Weiß et al., 2002) are frequently used methods. An extensive overview of available modelling approaches can be found in e.g. . Applying a number of methods on the same catchment area shows that the results of these methods can vary significantly per area. Moreover, the results are rather sensitive to -often unknown-changes in input parameters. As a consequence, the uncertainties in the results of conventional methods are hard to quantify.
An alternative way of quantifying infiltration and inflow is offered by the recently developed natural water isotope method. The isotope method uses a conservative, natural tracer to identify and quantify the two sources of dry weather flow: domestic wastewater and infiltration and inflow. Since the isotope method uses a completely different approach, it offers the possibility to evaluate the results obtained by applying the aforementioned simplistic models. One important assumption used in the isotope method is that drinking water from a local tap can be sampled instead of the 'real' domestic wastewater that enters the sewer system in order to obtain a value of the isotopic values of strict wastewater. This assumption implies that no shift in isotopic values occurs in the water that travels in various ways from the drinking water taps to the sewer system. However, indications exist that such a shift does occur. This paper first briefly introduces the principle of the natural water isotope method. Secondly, it shows the application of the method on two selected catchment areas in the Netherlands. The main focus of this paper, however, is on the validity of the aforementioned assumption that the isotopic ratios of drinking water are equal to those of strict domestic wastewater. A measuring campaign and literature study provide information on possible isotope effects of common domestic appliances, fractionation in the human body and high-efficiency condensing boilers.
ISOTOPE METHOD
The principle of the natural water isotope method is to use a conservative and natural tracer to identify and quantify the two wastewater flow components during dry weather flow (DWF): drinking water and infiltration water. The method assumes that each component that flows into the sewer system has a specific content in tracer, which is significantly different from that of the other component and constant whatever the condition (De Bénédittis and Bertrand-Krajewski, 2004) . The content should not be altered by phenomena such as adsorption to sewer sediments, variations in pH-values, the presence of detergents or water temperature variations. Tracers that were found suitable to this purpose are the hydrogen and oxygen isotopes in DWF, drinking water and infiltration water (Kracht et al., 2003) . The focus in this article is on the oxygen isotopes, as has been the case in the majority of reported applications of the isotope method. The isotopic composition of a random water sample is generally expressed as a deviation from a reference sample (VSMOW, Vienna Standard Mean Ocean Water):
As these deviations are generally very small, they are commonly expressed in ‰ (per mil). For a general introduction into the stable isotopes of water in the hydrological cycle see (Mook, 2005) . The basic hypothesis of the method is that at any moment during dry weather the total flow in a sewer pipe (Q DWF ) is the sum of strict wastewater flow (Q WW ) plus any infiltration water (Q INF ):
The method assumes that strict wastewater originates purely from drinking water coming from local taps in the catchment area. 
This equation, however, is only valid if the errors in the three different δ
18
O values are the same, which is the case if the analytical error is predominant. If other errors prevail, such as e.g. the natural variability in one of the waters, a more elaborate error computation is necessary (see the Rotterdam Centrum application below). A more elaborate description of the natural water isotope method can be found in De Bénédittis and Bertrand-Krajewski (2004) .
APPLICATION IN THE NETHERLANDS
The natural water isotope method has been tested for applicability in several catchment areas in the Netherlands with varying success (Schilperoort, 2004) . Two examples are given in this paper.
Arnhem 't Broek
The city of Arnhem is located in the eastern part of the Netherlands in an area situated well above sea-level along the river Rhine. The relatively small catchment area 't Broek (50 ha, 5700 inhabitants) with a purely residential function has been selected. The combined sewer system of the area is isolated from the rest of the city's sewer system except for a pumping station that discharges all water from 't Broek towards the WWTP. Groundwater, which consists here predominantly of locally infiltrated storm water, has been sampled at two different locations in and just outside the area ('t Broek and Molenbeke respectively). Drinking water is harvested in a nearby National Park from a semi-confined aquifer at a depth of approximately 120 m. All samples have been taken in February 2004. Figure 1 shows the results of laboratory analysis of the four samples taken (error in the analysis is ∆(δ 
The application of the isotope method on Arnhem 't Broek is successful since the area is a relatively small catchment area with a simple geo-hydrological groundwater system and drinking water that is not harvested from the local freatic aquifer.
Rotterdam Centrum
The city of Rotterdam is located in the western part of the Netherlands in an area situated several meters below sea-level in the delta of the rivers Rhine and Meuse. The selected catchment area (Centrum, 375 ha, 40.000 inhabitants) lies in the centre of the city directly along the river Nieuwe Maas (the most downstream section of the river Rhine). Again, the combined sewer system of the area is isolated from the rest of the city's sewer system except for a pumping station that discharges towards the WWTP. The area is a typical polder area which means that local groundwater can be a dynamic mixture of storm water, superficial seepage from freatic aquifers or the nearby river, seepage from deep aquifers (that may produce fossil, saline seepage water) and, in times of drought, fresh water directly taken from the surrounding belt-canals. In order to study the effect of multiple groundwater sources, groundwater has been sampled at five different locations (A through E) evenly distributed along a cross-sectional line of approximately 1 km in the area. Drinking water is harvested from the river Meuse. Again, all samples have been taken in February 2004. Figure 2 shows the results. The introduction of the standard deviation in the ∆b calculations increases the uncertainty in b from ±0.09 (due to only analysis uncertainty in the laboratory) to ±0.25 (due to analysis uncertainty in the lab analysis plus spatial variation of groundwater samples). With a value ∆b/b = 0.93 well beyond the threshold value (∆b/b = 0.50) it is clear that the increased uncertainty prevents the isotope method from being successfully applied in Rotterdam Centrum or in any other area that is prone to a large heterogeneity of δ
18
O values in groundwater. The majority of catchment areas in the western and northern parts of the Netherlands are such (polder) areas for which the applicability of the isotope method will therefore be limited.
CHANGES IN ISOTOPE RATIOS DURING WASTEWATER PRODUCTION
The natural water isotope method assumes that the isotopic composition of strict (domestic) wastewater (δ 18 O WW ) that flows into the sewer system is the same as that of drinking water (δ 18 O DW ) from the tap. For this reason, in the aforementioned applications of the isotope method, to obtain a value for δ 18 O WW water was sampled directly from residential water taps instead of taking samples from sewer house connections. However, several processes and phenomena connected to various appliances in a household can lead to changes in isotopic values of water in its journey from water tap to sewer system. Three examples are studied by means of measuring campaigns and literature study: evaporation in common household appliances, fractionation inside the human body and 'new' wastewater as a result of gas combustion in heating systems.
Common household appliances
Isotope ratios change for evaporating water bodies that are in contract with the atmosphere. Approximately 50% of all drinking water used in households is subject to heating and possible prolonged evaporation, see table 1. This might cause a positive shift (that is, towards less negative values) in isotopic values in the transition from drinking water to wastewater. A measuring campaign has been set up to study the evaporation and possible isotope fractionation effects for showers, bathtubs, toilets, dish washing and laundry by hand and laundry machines. Table 2 gives the results of δ 18 O laboratory analyses of one or multiple samples of the mentioned sources. The reference values for tap water (taken prior to and after the other samples have been taken) show a constant value of δ 18 O = -6.63‰. The other results show shifts towards less negative values as expected, but the effects are very small for all sources except for dish washing and laundry by hand. These two sources combine the usage of hot water with a constant stirring and a prolonged contact with the atmosphere to maximize the evaporation. Nevertheless, the measured enrichment remains limited to 0.2 to 0.3‰. This limited shift in isotopic values in combination with a small percentage of the daily drinking water consumption for these two sources (8.4%), leads to an isotopic shift of strict wastewater with respect to drinking water of approximately: 
Fractionation inside the human body
The mean daily urine volume per adult person is calculated as approximately 1.5 l with fluctuations between 1.0 and 2.5 l (Rauch et al., 2003) . This could lead, in combination with a potentially large fractionation inside the human body in the transition from drinking water to urine, to a significant change in δ
18 O values for strict wastewater with respect to drinking water. Several authors (Schoeller et al., 1986; Horvitz and Schoeller, 2001 ; see table 3) report the isotope fractionation of hydrogen and oxygen isotopes in urine with respect to drinking water in several areas in the world. The isotopic displacement of urine can be explained by the effects of fractionation during evaporative water loss (e.g. transpiration) since light isotopes will be eliminated from the body water pool faster, leaving behind heavier or enriched body water. In that sense the system is fully analogous to e.g. an evaporating bath tub. Calculating from table 3 an average isotopic shift of (-3.5)+(-2.0)+(-4.1)+(-3.6)/4 = -3.3‰ in combination with a percentage of 1.5 l / 120 l = 1.25% of the daily average wastewater production per capita, leads to an isotopic shift of strict wastewater with respect to drinking water of approximately: 
